Background: Our objective was to examine the associations of parental body mass index (BMI) and maternal gestational weight gain with childhood-onset type 1 diabetes. Comparing the associations of maternal and paternal BMI with type 1 diabetes in the offspring will provide further insight into the role of unmeasured confounding by characteristics linked to BMI in both parents. Methods: We studied 132 331 children participating in the Norwegian Mother and Child Cohort Study (MoBa) and the Danish National Birth Cohort (DNBC) who were born between February 1998 and July 2009. Exposures of interest included parental BMI and maternal gestational weight gain obtained by maternal report. We used Cox-proportional hazards regression to examine the risk of type 1 diabetes (n¼499 cases), which was ascertained by national childhood diabetes registers. Results: The incidence of type 1 diabetes was 32.7 per 100 000 person-years in MoBa and 28.5 per 100 000 person-years in DNBC. Both maternal pre-pregnancy obesity, adjusted hazard ratio (HR) 1.41 [95% confidence interval (CI): 1.06, 1.89] and paternal obesity, adjusted HR 1.51 (95% CI: 1.11, 2.04), were associated with childhood-onset type
1 diabetes. The associations were similar after mutual adjustment. In contrast, maternal total gestational weight gain was not associated with childhood-onset type 1 diabetes, adjusted HR 1.00 (95% CI: 0.99, 1.02) per kilogram increase. Conclusions: Our study suggests that the association between maternal obesity and childhood-onset type 1 diabetes is not likely explained by intrauterine mechanisms, but possibly rather by unknown environmental factors influencing BMI in the family.
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Background
Evidence suggests that the early-life environment influences the risk of type 1 diabetes. 1, 2 For example, the risk of type 1 diabetes is inversely associated with birth weight, 3, 4 potentially because of the effect of nutrient transfer in utero on fetal development of the pancreas. 2 The risk of type 1 diabetes also increases with infant weight gain, further suggesting a role for postnatal nutritional status. [5] [6] [7] [8] Maternal pre-pregnancy obesity and excessive gestational weight gain are proposed to exert a broad influence on fetal development, as a result of insulin resistance leading to hyperinsulinemia, inflammation and oxidative stress, which may all contribute to placental dysfunction. 9 The previous studies that examined the association between maternal pre-pregnancy body mass index (BMI) and risk of either type 1 diabetes or autoimmunity in offspring reported both no association [10] [11] [12] and a positive association. [13] [14] [15] [16] Likewise, studies of maternal gestational weight gain in relation to offspring type 1 diabetes reported mixed findings, with studies reporting both no association 10, 16, 17 and a positive association. 15, 18, 19 The discrepancies may be due to different study designs, outcome definitions (type 1 diabetes vs islet autoimmunity), statistical power to detect associations or the fact that several previous studies were restricted to individuals of genetically high risk. One way to explore the likelihood of unmeasured confounding in observational studies is to use negative controls. 20, 21 Paternal BMI can be used as a negative control for an in utero effect of maternal pre-pregnancy BMI on offspring outcomes. If similar associations are observed with maternal and paternal BMI, this suggests that the associations with offspring outcomes, here type 1 diabetes, most likely reflect a potential influence of genetic or environmental characteristics linked to BMI in both parents. Paternal BMI has not previously been examined in relation to type 1 diabetes. The objective of our study was therefore to examine the associations of parental BMI and maternal gestational weight gain with childhood-onset type 1 diabetes.
Methods

Study population
The Norwegian Mother and Child Cohort Study (MoBa) is a population-based pregnancy cohort administered by the Norwegian Institute of Public Health. [22] [23] [24] gestational weeks and when the child was 6 months, and were subsequently included in the current study ( Figure 1a ). The Norwegian Data Inspectorate and the
Key Messages
• We observed similar positive associations of both maternal and paternal obesity with childhood-onset type 1 diabetes in two large pregnancy cohorts.
• Our study therefore suggests that the previously reported association between maternal obesity and childhood-onset type 1 diabetes is not explained by intrauterine mechanisms, but possibly rather by unknown environmental factors influencing body mass index in the family.
Regional Ethics Committee for Medical Research of South
East Norway approved this study. The Danish National Birth Cohort (DNBC) is a population-based pregnancy cohort administered by the Statens Serum Institut in Denmark. 25, 26 Pregnant women were recruited at their first antenatal visit across Denmark between 1996 and 2002. Approximately 50% of all general practitioners in Denmark participated in the recruitment, and 60% of invited women agreed to participate. The cohort consists of 91 745 mothers and 103 118 children. All participants gave a written informed consent. A total of 50 701 singletons from DNBC with information gathered through telephone interviews at 12 and 30 gestational weeks, in addition to information collected through interviews when the child was 6 and 18 months old, were included in the current study (Figure 1b) . The data collection in the DNBC is approved by the Danish National Ethics Board.
Parental height, weight and gestational weight gain
Information regarding maternal weight at the beginning of pregnancy, maternal weight at the end of pregnancy, maternal height, paternal height and paternal weight were obtained by maternal report through self-completed questionnaires (MoBa) and interviews (DNBC ) and maternal gestational weight gain throughout pregnancy (in kg). Parental BMI was evaluated both continuously and categorized according to underweight (<18.5), normal weight (18.5-24.9), overweight (25-29.9 ) and obese (30 and higher).
Childhood-onset type 1 diabetes
The outcome was a clinical diagnosis of type 1 diabetes, ascertained by the Norwegian Childhood Diabetes Register and the Danish Childhood Diabetes Register-both nationwide registers with a high level of case ascertainment. 27, 28 Information on new-onset doctor-diagnosed type 1 diabetes is reported to the registers from all the pediatric departments in Norway and Denmark. Cases of type 1 diabetes are therefore defined based on a clinical diagnosis, using the first insulin injection as the date of diagnosis. Rare cases of type 2 diabetes or monogenic diabetes were excluded from both registers.
Covariates
We obtained information on a number of characteristics that might plausibly be related to both parental BMI, maternal gestational weight gain and childhood-onset type 1 diabetes. Parental age at the time of delivery, maternal parity, the child's gender and birthweight were obtained from national birth registers. In addition, parental education and parental smoking during pregnancy were obtained by . In MoBa, a total of 2545 children were excluded because they were stillborn, abortions or had unknown birth outcome, and 3842 live-born children were excluded because they were from multiple births. In DNBC, a total of 6303 children were excluded because they were stillborn, abortions or had unknown birth outcome, and 4163 live-born children were excluded because they were from multiple births.
self-report in both cohorts. Finally, information on both maternal and paternal history of type 1 diabetes was obtained through the Norwegian Patient Registry for MoBa participants, whereas maternal history of all types of diabetes was gathered through a national diabetes registry for DNBC participants. 29 Paternal history of diabetes was therefore not available for DNBC participants.
Statistical analysis
We examined the associations of parental BMI and maternal gestational weight gain with childhood-onset type 1 diabetes using Cox-proportional hazards regression separately for each cohort, reporting hazards ratios (HRs) and 95% confidence intervals (CIs). We subsequently combined the results from the two cohorts by a random-effects meta-analysis. Heterogeneity of the associations observed in the two cohorts was examined by the I 2 statistic. Participants were followed from their date of birth until diagnosed as having type 1 diabetes or the end of follow-up (21 July 2016 for MoBa and 15 May 2016 for DNBC). A robust cluster variance estimation was used to account for the presence of siblings. We evaluated the proportional hazards assumption by examining the Schoenfeld residuals. The multivariable analysis of maternal pre-pregnancy BMI in relation to childhood-onset type 1 diabetes adjusted for maternal age, parity, education, smoking during pregnancy and history of diabetes. The analysis of gestational weight gain further adjusted for the child's gender, in addition to these maternal background characteristics. The multivariable analysis of paternal BMI adjusted for paternal age, education, smoking during pregnancy and type 1 diabetes (MoBa only). We explored whether there was any nonlinear associations between maternal gestational weight gain and childhood-onset type 1 diabetes using a likelihood ratio tests to compare the models with and without a secondorder term. The direct association between maternal prepregnancy BMI and childhood type 1 diabetes not mediated by birthweight and infant weight gain the first year of life was estimated by including these two covariates in the multivariable model. We have previously reported a positive association between infant weight gain and childhoodonset type 1 diabetes in these two pregnancy cohorts, whereas there was no strong evidence of an association with birthweight [8] . For the MoBa cohort, we also further evaluated potential mediation by BMI at 36 months in the sub-sample with follow-up information from the 36-month questionnaire (n¼53 571). To account for missing covariate information within the defined study sample (n¼81 630 from MoBa; n¼50 701 from DNBC), we conducted multiple imputation of missing data using chained equations, generating 20 imputed datasets.
The analysis was conducted using SAS version 9.4 (SAS Institute, North Carolina, USA) and Stata version 14 (StataCorp, Texas, USA).
Results
A total of 132 331 children were available for analysis (Figure 1) . The children included in the study were born between February 1998 and July 2009. Maternal education tended to be higher, smoking less common and parity lower among mothers of children included in the analysis compared with those excluded because of insufficient follow-up information (Supplementary Table 1 , available as Supplementary Data at IJE online). Notably, the risk of type 1 diabetes was similar among those not responding to follow-up questionnaires/interviews and those who did (Supplementary Figures  1 and 2 , available as Supplementary Data at IJE online). The mean age of the children at the end of follow-up was 11.0 years (range 7.0, 17.5 years) in MoBa and 15.5 years (range 13.0, 18.2 years) in DNBC. The incidence rate of type 1 diabetes was 32.7 per 100 000 person-years in MoBa and 28.5 per 100 000 person-years in DNBC. Overall, the background characteristics in the two cohorts were very similar (Table 1) .
Parental BMI in relation to the offspring's risk of type 1 diabetes
Maternal pre-pregnancy obesity (pre-pregnancy BMI 30) was associated with an increased risk of childhood-onset type 1 diabetes, with a combined HR of 1.41 (95% CI: 1.06, 1.89) compared with offspring of mothers with a normal pre-pregnancy BMI (Table 2) . Interestingly, we observed a very similar association between paternal obesity and risk of childhood-onset type 1 diabetes, with a combined a HR of 1.51 (95% CI: 1.11, 2.04) as compared with children of normal-weight fathers ( Table 2 ). The magnitude of the association between parental BMI and childhood-onset type 1 diabetes tended to be greater MoBa than in DNBC, but we only observed strong evidence of heterogeneity in the association between maternal overweight and risk of type 1 diabetes ( Table 2 ). The results from the complete-case analyses yielded similar associations (Supplementary Table 2 , available as Supplementary Data at IJE online).
The association observed between maternal obesity and childhood-onset type 1 diabetes remained after including birth weight and infant weight gain in the first 12 months of life in the multivariable model (Supplementary Table 3 , available as Supplementary Data at IJE online). In the subsample of MoBa participants with information from the 36-month questionnaire, further adjustment for BMI at 36 months did not change the association between maternal BMI and childhood-onset type 1 diabetes (data not shown).
Since maternal and paternal BMIs show a modest correlation (Pearson correlation coefficient of 0.23 in MoBa and 0.18 in DNBC), we conducted an analysis where these two exposures were mutually adjusted for each other. This analysis indicated that the associations observed between maternal and paternal obesity in relation to offspring type 1 diabetes were independent (Supplementary Table 4 , available as Supplementary Data at IJE online).
Maternal gestational weight gain and the offspring's risk of type 1 diabetes
There was no associations between maternal total gestational weight gain throughout pregnancy and risk of childhood-onset type 1 diabetes (Table 3) . The association was similar in the complete-case analysis (Supplementary  Table 5 , available as Supplementary Data at IJE online). Including a second-degree term indicated no strong evidence of any nonlinear associations (p-value 0.36 in MoBa and 0.07 in DNBC).
Discussion
Our study including two of the world's largest pregnancy cohorts revealed that maternal obesity before pregnancy, but not gestational weight gain, is associated with an increased risk of developing childhood-onset type 1 diabetes. Interestingly, we also found that paternal obesity showed a similar association with type 1 diabetes in the offspring. To our knowledge, this is the first report on the association between paternal obesity and childhood-onset type 1 diabetes. As we discuss below, our interpretation of these findings is that maternal obesity is unlikely to influence type 1 diabetes risk via intrauterine nutritional mechanisms.
Comparison with previous studies
Our findings are in line with previous studies reporting a positive association between maternal pre-pregnancy BMI and offspring type 1 diabetes or autoimmunity. [13] [14] [15] [16] Two population-based studies indicated a greater risk of type 1 diabetes among children of obese mothers compared to children of normal weight mothers, with an incidence rate ratio (IRR) of 1.25 (95% CI: 1.13, 1.38) 14 and an OR 1.18 (95% CI: 1.02, 1.36), 16 respectively. An American population-based case-control study also provided evidence that maternal obesity before pregnancy is associated Maternal pre-pregnancy body mass index adjusted for maternal age, parity, education, smoking status during pregnancy and diabetes (type 1 in MoBa and all types in DNBC). Paternal body mass index adjusted for paternal age, education, smoking (paternal smoking in MoBa and maternal partner smoking in DNBC) and type 1 diabetes (MoBa only). Multiple imputation of missing exposure and covariate information using chained equations. A total of 20 datasets were imputed.
with increased risk of type 1 diabetes in the offspring, with an OR of 1.29 (95% CI: 1.01, 1.64). 13 In the Norwegian MIDIA study, which included only individuals with the highest risk of type 1 diabetes based on their human leukocyte antigen (HLA) genotype, maternal BMI was positively associated with islet autoimmunity, 15 but this was not supported by a similar Finnish study.
10
The results from our study do not support previous findings suggesting a greater risk of type 1 diabetes among children of mothers with a higher gestational weight gain. 15, 18, 19 A British population-based cohort of 196 ageand sex-matched sets indicated that maternal excessive weight gain during pregnancy was associated with higher risk of type 1 diabetes, with an OR of 7.12 (95% CI: 1.50, 33.79). 18 Another population-based study of 68 diabetic children and 68 sibling controls from Belgrade also reported a higher proportion of maternal gestational weight gain of 15 kg or more among the cases of type 1 diabetes than the controls (48.5% among the cases and 32.4% among the controls, p-value: 0.056). 19 Finally, the MIDIA study reported a positive association with maternal gestational weight gain with islet autoimmunity. 15 
Interpretation and potential explanatory mechanisms
A priori, we hypothesized that high maternal BMI during pregnancy could result in a nutrient overload in the offspring with implications for the developing beta-cells. Birth weight and infant weight gain have previously been associated with type 1 diabetes, 3-8 but interestingly did not explain much of the observed association between maternal pre-pregnancy obesity and type 1 diabetes. In MoBa, further adjustment for offspring BMI at 36 months also did not change our findings. However, we cannot rule out the possibility that later childhood obesity, not captured by our adjustment, could explain our observed associations between parental obesity and childhood-onset type 1 diabetes. 30 It may be that common family environmental characteristics conducive of obesity exerts a stronger influence on later childhood obesity. 31 Based on the similar associations of maternal and paternal obesity with childhood-onset type 1 diabetes, it seems likely that the previously observed association between maternal obesity and type 1 diabetes reflects unmeasured genetic and/or lifestyle characteristics linked to obesity in both parents. 20, 21 Obvious lifestyle characteristics linked to obesity include diet and physical activity. Some aspects of maternal diet during pregnancy and infant diet are proposed to play a role in development of type 1 diabetes. 32, 33 For example, maternal vitamin D and n-3 fatty acid levels during pregnancy are inversely associated with type 1 diabetes, but their causal role remains speculative. 33 Both of these nutrients are also inversely associated with BMI. There is some evidence that HLA genotypes that increase the risk of type 1 diabetes might influence obesity, but the results are inconclusive. 34, 35 Furthermore, the BMI-associated variant near the FTO locus (in the child) is not associated with type 1 diabetes. 36 Maternal prepregnancy BMI also influences DNA methylation in the offspring as measured in cord blood, but none of the current findings of differential methylation linked to maternal BMI has a particular relevance for type 1 diabetes. [37] [38] [39] Based on the current knowledge, it is therefore unlikely that genetic or epigenetic mechanisms explain our findings, but the possibility cannot be fully excluded.
If there is a direct intrauterine programming of maternal obesity on the child's risk of type 1 diabetes, this could be explained by the chronic low-grade inflammation that is observed among obese individuals, 40 as this might theoretically exert an influence on the developing immune system of the fetus. 41 For this potential mechanism to underlie the observed associations of both maternal and paternal obesity with type 1 diabetes, any influence of inflammation on paternal sperm quality would have to also impact disease risk in the offspring.
Strengths and limitations
This study has several important strengths, including its size, the prospective design, the inclusion of two relatively Adjusted for maternal age, parity, education, smoking status during pregnancy, diabetes (type 1 in MoBa and all types in DNBC), weight at the start of pregnancy and child gender. Multiple imputation of missing exposure and covariate information using chained equations. A total of 20 datasets were imputed. Including a second-degree term indicated no evidence of any nonlinear associations (p-value 0.36 in MoBa and 0.07 in DNBC).
homogeneous populations and the ascertainment of type 1 diabetes from national childhood diabetes registers. A few limitations should also be acknowledged.
Selection bias might have resulted from the modest participation rates and/or loss-to-follow-up, but a comparison of a number of associations in national registries indicated that the characteristics of the initial participants in the cohorts might not be a strong source of bias. 23, 25 Relying on self-report to obtain information on parental height and weight could have resulted in misclassification. If we assume that most individuals are likely to under-report rather than over-report their weight, such a misclassification could have attenuated our findings, but we cannot exclude a potential differential misclassification by other lifestyle characteristics. The mothers of children included in our analysis seemed to include a more health-conscious group (higher educational level and lower proportion of smokers), who are likely to have a lower pre-pregnancy BMI and gestational weight gain. Any such selection factors by maternal background characteristics would also have to confer a differential risk of type 1 diabetes to introduce a selection bias. 42 Since the incidence of type 1 diabetes in the two cohorts was similar among children with and without sufficient follow-up information, indicating that the selection factors have not resulted in a differential risk of the outcome, we believe that the direction of any selection bias is more likely to be towards than away from the null. These potential selection factors would have to be more strongly associated with gestational weight gain than parental BMI to explain the fact that we observed associations with one and not the other. The association between paternal obesity and childhood-onset type 1 diabetes also tended to be of a greater magnitude in MoBa than in DNBC. Overall, the characteristics of the two cohorts are similar. If the associations between parental obesity and type 1 diabetes is non-causal, and more likely to be due to unmeasured background characteristics linked to obesity in both parents, then any heterogeneity in the findings might be explained by differences in such background characteristics. We also relied on maternal report of paternal height and weight in both cohorts. However, paternal measurements were available also by paternal report for a subgroup of MoBa participants (approximately 70%), which showed correlation coefficients greater than 0.95 between maternal and paternal report. For DNBC, information on paternal BMI was obtained when the child was 18 months. Due to the tracking of BMI in adulthood, 43 this measure should be representative of the father's BMI before/during pregnancy. However, we speculate that paternal weight might have slightly increased over this time, which could have led to overestimation of paternal BMI. Unfortunately, we did not have any additional information available to further explore the validity of this measure. We also did not have information available on paternal diabetes in DNBC. This might have led us to overestimate the association between paternal BMI and childhood-onset type 1 diabetes in this cohort. However, paternal type 1 diabetes is too rare to explain much of the observed association, and is likely only weakly associated with paternal BMI. Finally, adjusting the association for paternal type 1 diabetes in MoBa did not attenuate the association. We therefore think that it is unlikely that the association observed in DNBC is biased by lack of adjustment for paternal type 1 diabetes.
Conclusion
This study of two of the world's largest pregnancy cohorts revealed a positive association between both maternal and paternal obesity and childhood-onset type 1 diabetes. Our study suggest that the association between maternal obesity and childhood-onset type 1 diabetes observed in our and other studies is likely explained not by intrauterine mechanisms, but possibly rather by unknown environmental factors influencing BMI in the family.
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